The aim of this work is to propose an empirical model for predicting shapes of a Taylor bubble, which is a part of slug flows, under different values of the surface tension in stagnant liquids by employing numerical simulations. The k   turbulence model was used in the framework of finite volume method for simulating flow fields in a unit of slug flow and also the pressure distribution on a Taylor bubble surface. Assuming that an air pressure distribution inside the Taylor bubble must be uniform, a grid search method was exploited to find an appropriate shape of a Taylor bubble for six values of surface tension. It was found that the shape of a Taylor bubble would be blunter if the surface tension was increased. This was because the surface tension affected the Froude number, controlling the flow around a Taylor bubble. The simulation results were also compared with the Taylor bubble shape, created by the Dumitrescu-and-Taylor model and former studies in order to ensure that they were consistent. Finally, the empirical model was presented from the simulation results.
Introduction
A slug flow is a kind of the two-phase gas-liquid flow, e.g. bubble flow, slug flow, churn flow, annular flow and dispersed flow which appear in different conditions, depending on the gas-to-liquid ratio of the mixture. The slug flow is often found in engineering application, for example in a petroleum pipeline. When a gas-liquid petroleum mixture is sucked from a deep well, the static pressure of the mixture in the pipeline will be reduced due to the altitude change, resulting in the expansion of the gas part of the mixture. The mixture then forms a pattern of the slug flow.
As illustrated in Fig.1a , a slug flow consists of three main components, namely: liquid slugs, falling films and elongation bubbles (so-called Taylor bubbles). In many former studies, slug flows were usually considered as a unit for the sake of simplicity. A unit of a slug flow is comprised of a liquid slug, a falling film and a Taylor bubble as shown in Fig.1b where l C and g C are between 1.0 and 2.2, depending on the magnitudes of l w and g w [1] [2] . In case of a stagnant fluid, i.e., both l w and g w are equal to zero, the velocity of the Taylor bubble yields 
Although the Taylor bubble drifts upward with respect to an observer who stands on the earth surface, the flow field around the Taylor bubble is usually considered with respect to the nose of the Taylor bubble as depicted in Fig.1c by the reason of simplicity. The shape of the Taylor bubble which apparently looks similar to a bullet was found that it likely affected the pressure drop in the flow by generating vertices behind itself [5] [6] [7] [8] . The consequence of these vertices was the interaction between two successive Taylor bubbles. Since the shape of the Taylor bubble dominates the strength of the vertices, many studies have been done to predict the shape of the Taylor bubble under different conditions. Nogueira et al. [9] [11] revealed the influence of the co-currant liquid speed ( l w ) on the shape of the Taylor bubble with an interface-tracking method which considered the tension effect on the gas-liquid interfacial surface but neglected the effect of the normal stress. While in 1991, they showed the effect of both viscosity and surface tension on the shape of the Taylor bubble by using the same program code, upgraded with the k   turbulence model [12] . Kawaji et al. [13] used the VOF method to study the speed of the Taylor bubble and confirmed that the Taylor bubble moved faster when it moved off the tube axis since the shape of the Taylor bubble became asymmetric, leading to a lower drag force. Smith et al. [14] stated that the diameter of the tube, where the Taylor bubble existed, would not affect the shape of the Taylor bubbles if the tube diameter was smaller than 3 mm. The simulation results in [15] showed that increasing the Capillary number (Ca) resulted in an increment of the liquid film thickness (a slenderer shape of the Taylor bubble) and the sharpness of the bubble nose. These previous studies were done to show how the shape of the Taylor bubble changed with various conditions but no predicting model of the Taylor bubble shape was presented. The objective of this work is, thus, to propose an empirical model for predicting the shape of the Taylor bubble under different values of the surface tension on the gas-liquid interface in stagnant liquids.
Theory
As a matter of fact, the shape of a Taylor bubble has long been modeled. It was simply modeled as a capsule, consisted of two hemispherical caps and a cylinder body in [16] . A more complicated model was presented in [17] , consisting of 2 equations, i.e.
and
Herein, Eq. (2.1) is Dumitrescu's model which is derived from the potential flow theory [18] and used for predicting the shape of a Taylor bubble within the region of the bubble nose. And Eq.(2.2) is Taylor's model which is used for predicting the rest of the bubble shape. The joint between Eq.(2.1) and Eq.(2.2) is set at . P z 0 5R   , suggested by Nogueira et al. [9] . Although, shapes of a Taylor bubble created by the Dumitrescu-and-Taylor model look more natural, they are still different from reality. This is because the model omits the influence of viscosity and the joint between these two equations makes a discontinuity on the shape of a Taylor bubble.
Lertnuwat [19] has proposed a model to erase the discontinuity in the Dumitrescu-and-Taylor model, that is 
Computational setup
Owing to the assumption that a flow is symmetric around the pipe centerline, the computation domain is just half a unit of the slug flow as shown in Fig.2a Taylor bubbles were usually observed in pipes, ranging from very-small-size pipes as capillary tubes [14] [15] 24 ] to middle-size pipes ( p D < 0.1 m) [25] [26] . This was because, in a 10 cm pipe, bubbly flows underwent a regime transition to churn-turbulence (not to slug flows as typically observed in smaller diameter pipes) [27] . Hence the pipe diameter ( p D ) was set to be 0.05 m in this study.
The upper horizontal boundary of the computational domain was controlled by a velocity inlet boundary condition with a velocity ( b w ) whose direction is -z . A pressure outlet boundary condition was posed on the lower horizontal boundary of the computational domain with a fixed pressure, equal to 100 kPa. The pipe wall on the right hand side was posed with a no-slip condition and the velocity of the pipe wall is equal to b w  with respect to the given z axis. A symmetry boundary condition was posed along the upper left side of the computational domain which was the pipe centerline. While the lower left side of the computational domain, which was the interface between the falling film and the Taylor bubble, was assumed to be a free surface boundary. Figure 2b shows the gridline employed in this study. The two horizontal boundaries (upper and lower ones) were placed with 16 gridlines along the r axis, whereas there were totally 161 gridlines placed on the vertical boundaries. This set of gridlines was separated into two groups, i.e., 86 gridlines, which were drawn from the pipe centerline, were in the first group and the other group consisted of the remaining 75 gridlines, drawn from the Taylor bubble surface.
Since most of fluid mixtures, exploited in former studies, were air and water at 25 o C and 100 kPa. The fluid properties, used in this study, were set to be that g  = must be greater than 400. This made all the entire liquid flow in the falling film turbulent for every investigating conditions [28] .
Fig.2. Computational domain and employed gridlines.
Since all flows in the falling film, studied in this work, were turbulent, the k   model was employed. The simulation code, used in this study, was developed from a program code, given in [29] . The implicit pressure-correction method on the finite volume framework with second order spatial accuracy was utilized for developing the simulation code.
Solution procedure
Static pressure of any inviscid gas inside a bubble ideally will be constant if the average static pressure of the gas is much greater than the hydrostatic pressure difference   g g z   of the gas. This means that along the appropriate shape of a Taylor bubble which is created by Eq. Then the searching process, mentioned above, might be repeated. The process was repeated until the significant figures of the appropriate 1  and 2  were equal to three. The procedure can be depicted as a flow chart in Fig.3 . 
Result
After simulating, all the appropriate In order to investigate the influence of the surface tension, shapes of a Taylor bubble were created with the appropriate 1  and 2  in Tab.1 for comparing in Fig.4a . Only the shape of a Taylor bubble in the case that  = 2.000 N/m was apparently the thickest but it was quite difficult to see the difference among the shapes of a Taylor bubble in other cases. Therefore the area, confined in the dashed rectangle of Fig.4a , was enlarged to make the difference among all shapes of a Taylor bubble to be clearer as shown in Fig.4b . Fr will be reduced if  is increased as tabulated in Tab.1. This means that increasing  will result in a blunter shape of a Taylor bubble. It agrees quite well with [4] which concluded that  would play an important role if D Eo was greater than 70 (between 40.8 and 409 in this study). 
